The impacts of urban surface expansion, based on satellite-derived data displaying urban surface expansion in China at different spatial scales from 1980 to 2016, were investigated using nested dynamical downscaling methods with the Weather Research and Forecasting (WRF) regional climate model at a 3.3-km resolution over a city and city cluster scale. Urban-related warming, based on daily mean surface air temperature at 2 m (SAT), calculated from the averages of four time records each day (00, 06, 12, and 18 h UTC, T 4 ) and averages of SAT maximum (T max ) and minimum (T min ) (T xn ), was evaluated. Differences in urban-related warming contributions calculated using T 4 and T xn were small, whereas annual mean SAT and trends calculated using T xn were respectively and significantly larger and smaller than those calculated using T 4 over Guangzhou and Shenzhen, excluding the trends over middle-northern Shenzhen. The differences in annual mean SAT calculated using T 4 and T xn are attributed to nonlinear or asymmetric variations with time for the diurnal cycle of SAT. Meanwhile, differences in trends between T 4 and T xn are interpreted as a strong trend for T min and a weak one for T max , which mitigated the trend for T xn . The impacts on the evaluations of urban-related warming contributions calculated from different methods were the largest over the areas classified as urban surfaces in both time periods (U2U), especially during intense urban-surface-expansion periods between 2000 and 2016. The subregional performances in the changes in annual mean SAT, trends, and urban-related warming are attributed to urban-surface-expansion, which induced varied changes in the diurnal cycle due to asymmetric warming during the daytime and nighttime over different subregions.
Introduction
Surface air temperature at 2 m (SAT) plays a primary role in the climatic systems, and has been widely regarded as an important climatic indictor in daily human life. The frequencies and intensities of extreme climatic events relating to SAT, such as heat waves and low temperatures that act as meteorological disasters and influence human health [1] [2] [3] , have increased in recent decades. Increasingly more people are being aggregated in cities, where the urban heat island (UHI) has been widely observed over areas with intense urban surface expansion and human activities [4] [5] [6] . The UHI effect is primarily attributed to the conversion of land surfaces from non-urban to urban surfaces (N2U), for which the warming over the N2U areas is generally larger than that over areas classified as urban the PRD areas over southern China and with similar climatic backgrounds but different degrees of urban-surface-expansion during the past several decades, were chosen to compare the daily mean SAT calculated using different methods. Simulated SAT values were used to study the differences in the long-term time series of daily mean SAT calculated using T 4 , T xn , and T c. Then, the impacts of differing SAT records on evaluating urban-related warming over Guangzhou and Shenzhen were investigated. The differences in annual mean SAT, trends, and urban-related warming contributions calculated using T 4 , T xn , and T c , both in spatial and long-term times series, are discussed.
Experiments
The experimental design and data used here are similar to those in [8] ; however, the former study concentrated on urban-related warming in Beijing and only the simulated values for eight times daily were adopted in calculating daily mean SAT. Detailed information on the experimental design and data are provided in Sections S1-S3 of the Supplementary Materials.
Data
The numerical experiments were driven by the National Centers for Environmental Prediction (NCEP)-the Department of Energy (DOE) Atmospheric Model Intercomparison Project (AMIP-II) reanalysis data [25] . Annual land use data from 1980 to 2016 were reconstructed based on five satellite-retrieved images from 1980, 1990, 2000, 2010 , and 2016 [23, 24] , which represent urban surface expansion during the last 37 years. The two datasets used here are similar to those in [8] .
Experimental Design
Based on previous results, daily mean SAT values calculated using different methods were compared and their impacts on urban-related warming evaluations explored. This analysis remedies the scarcity of observed spatio-temporal meteorological station-based data and provides a basis for climate change studies.
The simulated domain covers most of East Asia with a 30 km resolution (D1). As urban-surface-expansion is mainly located over eastern China, accompanying rapid economic development, the first nested domain covers most of eastern China (D2). The three second-nested-domains cover three city clusters (D3: BTH, D4: YRD, and D5: PRD) displaying the largest proportion of gross domestic product and intense human activity. The terrain elevation over the simulated domain, the PRD region (including Guangzhou and Shenzhen city), and two cities are displayed in Figure 1a urban-surface-expansion during the past several decades, were chosen to compare the daily mean SAT calculated using different methods. Simulated SAT values were used to study the differences in the long-term time series of daily mean SAT calculated using T4, Txn, and Tc. Then, the impacts of differing SAT records on evaluating urban-related warming over Guangzhou and Shenzhen were investigated. The differences in annual mean SAT, trends, and urban-related warming contributions calculated using T4, Txn, and Tc, both in spatial and long-term times series, are discussed.
Experiments
Data
The numerical experiments were driven by the National Centers for Environmental Prediction (NCEP)-the Department of Energy (DOE) Atmospheric Model Intercomparison Project (AMIP-II) reanalysis data [25] . Annual land use data from 1980 to 2016 were reconstructed based on five satellite-retrieved images from 1980, 1990, 2000, 2010, and 2016 [23,24] , which represent urban surface expansion during the last 37 years. The two datasets used here are similar to those in [8] .
Experimental Design
The simulated domain covers most of East Asia with a 30 km resolution (D1). As urban-surface-expansion is mainly located over eastern China, accompanying rapid economic development, the first nested domain covers most of eastern China (D2). The three second-nested-domains cover three city clusters (D3: BTH, D4: YRD, and D5: PRD) displaying the largest proportion of gross domestic product and intense human activity. The terrain elevation over the simulated domain, the PRD region (including Guangzhou and Shenzhen city), and two cities are displayed in Figure 1a Two numerical experiments, which share similar integrated backgrounds with the exception of land use data (for urban surface distributions only), were performed using the WRF model. The land use data, including urban surface distributions in the 1980s, were used in the first experiment (EX1), whereas annual land use data revealing urban-surface-expansion were adopted in the second experiment (EX2), in which the reconstructed annual land use data from 1980 to 2016 were used. The model was integrated for 18 months for each year individually from 1 July in the previous year and for the whole year in the current year. Then, the simulated results covering the whole period of the current year were analyzed. The impacts of urban-surface-expansion are represented by differences between the simulated results from EX1 and EX2 (EX2 minus EX1). The impacts on urban-related warming are explored in detail using the daily mean SAT calculated using T4, Txn, and Tc.
The experimental design, data, and abbreviations used here are summarized in Table 1 . The performance of the model in the SAT simulation has been previously explored and evaluated in [7, 8] , so is not discussed here. Table 1 . Summary of experimental design, data, and abbreviations used in the integrations.
Caption
Numerical Experiments EX1 EX2
Experimental Design
Integration periods A series of restarts for individual years starting from 1 July in the previous year were performed for the years between 1980 and 2016, for which only the simulated results for the present year were analyzed.
Domains
The central latitude and longitude of the simulated domain are 35° and 108.5° E. The coarse mesh (D1) covers most of East Asia with a 30 km resolution. The first nested domain (D2) covers most of eastern China with a 10 km resolution. The second nested domains (D3-D5) cover the three city clusters (BTH, YRD, PRD) with a 3.3 km resolution.
Physical parameterization schemes
The unified Noah land-surface model including urban canopy model; the WRF single-moment 6 class graupel microphysics scheme; the Community Atmosphere Model shortwave and longwave radiation schemes; the Yonsei University boundary-layer scheme; the Grell 3D ensemble cumulus scheme (for 30 and 10 km resolution only).
Data
Driving data The NCEP-DOE reanalysis data from 1979 and 2016
Land use data Land use data with fixed-in-time urban surface distributions in 1980
Annual urban surface distributions showing urban surface expansion from 1980 to 2016 were reconstructed using satellite-derived images in the years of 1980, 1990, 2000, 2010 , and 2016, based on which the increase in fractional urban surface areas was assumed to increase linearly during each time period.
Abbreviations SAT averages
Txn: the averages of SAT maximum (Tmax) and minimum (Tmin) records; T4: the averages calculated using four time records each day; Tc: the averages calculated using the 24-h continuous records.
U2U
Urban surface Urban surface Two numerical experiments, which share similar integrated backgrounds with the exception of land use data (for urban surface distributions only), were performed using the WRF model. The land use data, including urban surface distributions in the 1980s, were used in the first experiment (EX1), whereas annual land use data revealing urban-surface-expansion were adopted in the second experiment (EX2), in which the reconstructed annual land use data from 1980 to 2016 were used. The model was integrated for 18 months for each year individually from 1 July in the previous year and for the whole year in the current year. Then, the simulated results covering the whole period of the current year were analyzed. The impacts of urban-surface-expansion are represented by differences between the simulated results from EX1 and EX2 (EX2 minus EX1). The impacts on urban-related warming are explored in detail using the daily mean SAT calculated using T 4 , T xn , and T c .
The experimental design, data, and abbreviations used here are summarized in Table 1 . The performance of the model in the SAT simulation has been previously explored and evaluated in [7, 8] , so is not discussed here. 
Results

Urban Surface Expansion over Guangzhou and Shenzhen
Five satellite-detrieved images displaying the urban surface distributuion for the years between 1980 and 2016 over Guangzhou and Shenzhen are shown in Figure 2 .
For Guangzhou, terrain height is high in the northeast and low in the southwest (Figure 1c ). Urban surfaces were only located in metropolitan areas over the southwestern part in 1980, whereas forests occupied the majority of areas of the northeastern part. Urban surface expansion mainly occurred over the southwestern part from 1980 to 2016.
For Shenzhen, terrain height is high in the southeast and low in the northwest (Figure 1d ). No urban grid cell was detected because it was a small village in 1980. However, urban grid cells increased considerably due to rapid urban surface expansion across the entire area, with the exception of the southeastern part, for which it was mostly covered by forests.
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Urban Surface Expansion over Guangzhou and Shenzhen
For Shenzhen, terrain height is high in the southeast and low in the northwest (Figure 1d ). No urban grid cell was detected because it was a small village in 1980. However, urban grid cells increased considerably due to rapid urban surface expansion across the entire area, with the exception of the southeastern part, for which it was mostly covered by forests. (14) water. Source: [26] .
Spatial Differences and Trends in Annual Mean SAT
Annual mean SAT, differing trends under EX1 and EX2, and corresponding differences (EX2 minus EX1) calculated using different methods (T4, Txn, and Tc) for 1980 and 2016 over Guangzhou/Shenzhen show similar spatial distributions (Figures 3-6 , Figures S1-S4). Among these results, the values calculated using T4 and Tc are closer. The weak differences between the values calculated using Tc and T4 (T4 minus Tc) are clearly shown in Figures S1-S4. The differences in annual mean SAT between Tc and T4 under EX1 and EX2, and the warming differences between EX1 and EX2, as well as the corresponding values for the trends under EX1 and EX2, and the differences for the urban-related warming contributions between EX1 and EX2, do not pass the 90% confidence level significance t-tests. Therefore, only the annual mean SAT, the trends calculated using T4 and Txn for 1980 and 2016, and their corresponding differences are discussed in detail. (14) water. Source: [26] .
Annual mean SAT, differing trends under EX1 and EX2, and corresponding differences (EX2 minus EX1) calculated using different methods (T 4 , T xn , and T c ) for 1980 and 2016 over Guangzhou/Shenzhen show similar spatial distributions ( Figures 3-6 and Figures S1-S4). Among these results, the values calculated using T 4 and T c are closer. The weak differences between the values calculated using T c and T 4 (T 4 minus T c ) are clearly shown in Figures S1-S4. The differences in annual mean SAT between T c and T 4 under EX1 and EX2, and the warming differences between EX1 and EX2, as well as the corresponding values for the trends under EX1 and EX2, and the differences for the urban-related warming contributions between EX1 and EX2, do not pass the 90% confidence level significance t-tests. Therefore, only the annual mean SAT, the trends calculated using T 4 and T xn for 1980 and 2016, and their corresponding differences are discussed in detail. Figures 3g and 4g ) and EX2 (Figures 3h and 4h ) across the entire Guangzhou (Figure 3g-h) and Shenzhen (Figure 4g-h) areas, excluding the northwestern areas under EX2 over Shenzhen. In comparison, the 37-year averaged warming calculated using T 4 is weaker than that calculated using T xn over Guangzhou (Figure 3i ) and Shenzhen (Figure 4i) , excluding over the middle-northern areas of Shenzhen, whereas significant differences only appear in southeastern and northwestern Guangzhou.
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Time Series Differences in Annual Mean SAT and Trends
Annual Mean SAT
Differences in annual mean SAT calculated using T4, Txn, and Tc under EX1 and EX2, and the warming differences over subregions of Guangzhou and Shenzhen, are provided in Table 2 . Differences in 37-year annual mean SAT calculated using T4 and Txn that run between 0.41~0.53 °C under EX1 and EX2 over the subregions of Guangzhou (the entire, U2U, N2U, and urban areas), and between 0.29~0.34 °C under EX1 and EX2 over the subregions of Shenzhen (the entire and urban areas), generally pass the 99% confidence level significance t-tests. The exceptions are over the N2U areas of Guangzhou under EX2 and the entire areas of Shenzhen under EX2 (passing the 95% confidence level significance t-tests). The corresponding differences calculated using Tc and T4 are 
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Time Series Differences in Annual Mean SAT and Trends
Annual Mean SAT
Differences in annual mean SAT calculated using T 4 , T xn , and T c under EX1 and EX2, and the warming differences over subregions of Guangzhou and Shenzhen, are provided in Table 2 . Differences in 37-year annual mean SAT calculated using T 4 and T xn that run between 0.41~0.53 • C under EX1 and EX2 over the subregions of Guangzhou (the entire, U2U, N2U, and urban areas), and between 0.29~0.34 • C under EX1 and EX2 over the subregions of Shenzhen (the entire and urban areas), generally pass the 99% confidence level significance t-tests. The exceptions are over the N2U areas of Guangzhou under EX2 and the entire areas of Shenzhen under EX2 (passing the 95% confidence level significance t-tests). The corresponding differences calculated using T c and T 4 are quite small (only passing the 80% confidence level significance t-tests over the U2U areas of Guangzhou under EX1). The warming differences calculated using T 4 and T xn , T c , and T 4 were also quite small. Table 2 . The differences in 37-year annual mean SAT calculated using T 4 , T xn , and T c under EX1 and EX2, and the corresponding differences (EX2 minus EX1) over the subregions of Guangzhou (the entire, U2U, N2U, and urban areas) and Shenzhen (the entire and urban areas). 
Trends in Annual Mean SAT
The trends in annual mean SAT calculated using T 4 , T xn , and T c for EX1 and EX2, and the urban-related warming contributions over the subregions of Guangzhou and Shenzhen, are provided in Table 3 . The urban-related warming contributions calculated using T 4 , T xn , and T c generally pass the 99% confidence level significance t-tests over the N2U and urban areas of Guangzhou and the entire (excluding using T xn ) and urban areas of Shenzhen. In comparison, the urban-related warming contributions only pass the 95% confidence level significance t-tests over the U2U areas of Guangzhou (excluding using T xn ) or 80% confidence level significance t-tests over the entire and U2U (T xn only) areas of Guangzhou. The differences over the U2U areas are largest over different subregions of Guangzhou. Table 3 . Trends (units: • C/decade) in annual mean SAT calculated using T 4 , T xn , and T c for EX1 and EX2, and the urban-related warming contributions (units: %) over the subregions of Guangzhou (the entire, U2U, N2U, and urban areas) and Shenzhen (the entire and urban areas). For the entire and urban areas of Shenzhen, and the N2U and urban areas of Guangzhou, the trends under EX1 calculated using T 4 , T xn , and T c are close, whereas the corresponding values under EX2 calculated using T c are larger than those calculated using T 4 and T xn , which induce the largest values for urban-related warming contributions calculated using T c . However, the trends under EX1 calculated using T 4 are smaller than those calculated using T c over the entire and U2U areas of Guangzhou. The changing trends under EX2 calculated using T 4 are larger than those calculated using T c , which results in larger values for the urban-related warming contributions calculated using T 4 .
Comparing the trends and urban-related warming contributions indicates that performances are similar over the N2U and urban areas of Guangzhou, and the entire and urban areas of Shenzhen. The largest trend values are found under both EX1 and EX2 and the urban-related warming contributions calculated using T c , while the smallest values result from using T xn . For the entire and U2U areas of Guangzhou, the smallest values for the trends under both EX1 and EX2 and the corresponding urban-related warming contributions appear when calculated using T xn . However, the trends under EX1 calculated using T c are larger than those calculated using T 4 , whereas the trends under EX2 calculated using T c are smaller than those calculated using T 4 , which results in the largest urban-related warming contributions calculated using T 4 . The trends and urban-related warming calculated using T 4 and T xn are discussed in detail in the following.
Comparison of T 4 and T xn : Trends and Urban-Related Warming
Trends in annual mean SAT calculated using T xn are generally smaller than those calculated using T 4 under both EX1 and EX2 over different subregions of Guangzhou/Shenzhen. Urban-related warming contributions calculated using T xn are also smaller than those calculated using T 4 , which is consistent with the negative values for differences in trends under EX1 and EX2 and the differences in urban-related warming contributions calculated using T 4 and T xn (Figures 5 and 6 ). The trends under EX1 and EX2 and urban-related warming contributions over the entire/U2U areas and N2U/ urban areas of Guangzhou were close; of these, marked differences are identified between the former and latter. However, the trends under EX1 and EX2 and urban-related warming contributions are close over the entire and urban areas of Shenzhen due to rapid urban surface expansion from a small village to a metropolis (Figure 2f-j) . For the results calculated using T 4 and T xn , the evaluated urban-related warming contributions are close over different subregions of Guangzhou and Shenzhen, excluding over the entire and U2U areas of Guangzhou.
Larger differences in urban-related warming contributions over the U2U areas of Guangzhou are further interpreted using the time series of differences in urban-related warming between T 4 and T xn and the corresponding trends over different subregions of Guangzhou (Figure 7a ). Differences are identified in annual mean SAT calculated using T 4 and T xn ; however, the largest differences are found over the U2U areas in different subregions of Guangzhou, which indicates that the differences in urban-related warming between T 4 and T xn over the U2U areas are larger than those over other subregions of Guangzhou, especially during intense urban-surface-expansion periods between 2000 and 2016. Differences are also detected in annual mean SAT calculated using T 4 and T xn over different subregions of Shenzhen (Figure 7b ), whereas the differences over the urban areas are similar to those over the entire areas of Shenzhen for the whole time series.
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Trends in annual mean SAT calculated using Txn are generally smaller than those calculated using T4 under both EX1 and EX2 over different subregions of Guangzhou/Shenzhen. Urban-related warming contributions calculated using Txn are also smaller than those calculated using T4, which is consistent with the negative values for differences in trends under EX1 and EX2 and the differences in urban-related warming contributions calculated using T4 and Txn (Figures 5,6 ). The trends under EX1 and EX2 and urban-related warming contributions over the entire/U2U areas and N2U/ urban areas of Guangzhou were close; of these, marked differences are identified between the former and latter. However, the trends under EX1 and EX2 and urban-related warming contributions are close over the entire and urban areas of Shenzhen due to rapid urban surface expansion from a small village to a metropolis (Figure 2f-j) . For the results calculated using T4 and Txn, the evaluated urban-related warming contributions are close over different subregions of Guangzhou and Shenzhen, excluding over the entire and U2U areas of Guangzhou.
Larger differences in urban-related warming contributions over the U2U areas of Guangzhou are further interpreted using the time series of differences in urban-related warming between T4 and Txn and the corresponding trends over different subregions of Guangzhou (Figure 7a ). Differences are identified in annual mean SAT calculated using T4 and Txn; however, the largest differences are found over the U2U areas in different subregions of Guangzhou, which indicates that the differences in urban-related warming between T4 and Txn over the U2U areas are larger than those over other subregions of Guangzhou, especially during intense urban-surface-expansion periods between 2000 and 2016. Differences are also detected in annual mean SAT calculated using T4 and Txn over different subregions of Shenzhen (Figure 7b ), whereas the differences over the urban areas are similar to those over the entire areas of Shenzhen for the whole time series. Notably, the time series of differences in urban-related warming and the corresponding trends over the subregions of Guangzhou and Shenzhen calculated using T4 and Txn (Figure 7 ) display the Notably, the time series of differences in urban-related warming and the corresponding trends over the subregions of Guangzhou and Shenzhen calculated using T 4 and T xn (Figure 7 ) display the largest trend (−0.0457 • C/decade) over the U2U areas of Guangzhou, whereas there are smaller values over subregions of Shenzhen and other subregions of Guangzhou. These results show that the differences in urban-related warming contributions over Guangzhou and Shenzhen with daily mean SAT calculated using different methods are primarily over the U2U areas, whereas the differences are much smaller over areas with urban-surface-expansion influenced areas. The trends for T max and T min under EX1 and EX2, and the corresponding differences for T max , T min , and daily temperature range (DTR) over the subregions of Guangzhou/Shenzhen, are shown in Table 4 . While the trends in T max are larger than those of T min under EX1, the trends in T max are smaller than those of T min under EX2. These characteristics result in differences between EX1 and EX2 for T max that are much smaller than those of T min , which is expressed by the negative differences for the changing trends of DTR between EX1 and EX2 (figures omitted).
The differences in trends for T max between EX1 and EX2 (less than 0.064 • C/decade) are smaller than those of T min (0.18-0.79 • C/decade) over different subregions of Guangzhou and Shenzhen. The differences in trends for T min over the entire and urban areas of Shenzhen are close (0.51 and 0.73 • C/decade, respectively), because the region experienced intense urban surface expansion from a small village with nearly no urban surface in the 1980s to the present city. In comparison, differences in trends for T min over the entire (0.18 • C/decade) and U2U (0.23 • C/decade) areas of Guangzhou were much smaller than those over the corresponding N2U (0.79 • C/decade) and urban (0.77 • C/decade) areas. Marked differences in the trends between entire/U2U and N2U/urban areas are identified and indicate that the impacts of different urban-surface-expansion on the diurnal cycle of SAT might play an important role in the varying trends over different subregions, especially during intense urban-surface-expansion periods. Table 4 . The changing trends of T max and T min for EX1 and EX2, and the corresponding differences for T max , T min , and DTR over the subregions of Guangzhou/Shenzhen (the entire, U2U, N2U, and urban areas). 
T max Trends
The time series of annual mean T max under EX1 and EX2 and corresponding trends are shown in Figures S5 and S6 . The trends for EX1 are in agreement between different subregions; of which, urban-related warming accounted for 0.64%, 4.9%, 0.84%, and −2.5% over the entire, U2U, N2U, and urban areas of Guangzhou, and 1.2% and 0.0% of total warming over the entire and urban areas of Shenzhen, respectively. The contributions were negative and quite small. Of these, the urban-related warming accounted for 27.2%, 32.7%, 61.9%, and 55.1% of total warming for the former, while 61.0% and 63.8% of total warming for the latter.
Discussions
Differences in annual mean SAT and urban-related warming between T 4 and T xn , and the corresponding trends, are further interpreted in Figure 8 . The differences in annual mean SAT between T 4 and T xn under EX1 are generally larger than those under EX2 over different subregions of Guangzhou, among which the values under EX1 and EX2 over the U2U areas are the largest, especially during periods with intense urban-surface-expansion between 2000 and 2016 ( Figure 8a ). These distributions result in a larger negative value for the trend differences between T 4 and T xn over the U2U areas. The distances for annual mean SAT differences from T 4 and T xn between EX1 and EX2 increase due to urban surface expansion, especially over the U2U areas of Guangzhou. The differences in annual mean SAT between T 4 and T xn under EX1 are close to those under EX2 over different subregions of Shenzhen due to rapid urban surface expansion from a small village to a metropolis (Figure 8b ). The differences in annual mean SAT calculated using T 4 and T xn are attributed to nonlinear or asymmetric variations with time for the diurnal cycle of SAT [27, 28] . The varied performance in the changes in annual mean SAT over different subregions is further expressed by urban-surface-expansion-induced changes in the diurnal cycle due to the asymmetric warming (Figure 8c,d) . Figure 8 . Time series of differences in annual mean SAT under EX1 and EX2 over the subregions of (a) Guangzhou and (b) Shenzhen between T4 and Txn (Txn minus T4).
Conclusions
Daily mean SATs calculated using different methods and their impacts on evaluating urban-related warming were explored using the nested WRF regional climate model at a 30-10-3. 
Daily mean SATs calculated using different methods and their impacts on evaluating urban-related warming were explored using the nested WRF regional climate model at a 30-10-3.3 km spatial resolution. The 3.3 km resolution was adopted for the three city clusters (BTH, YRD, and PRD) over eastern China. Two numerical experiments were performed based on the fixed-in-time land use data in the 1980 (EX1) and reconstructed annual land use data displaying urban surface expansion during 1980 and 2016 (EX2), respectively. Two cities in the PRD area, Guangzhou and Shenzhen, which display different urban-surface-expansion and similar climate contexts, were selected to compare annual mean SAT and trends calculated using T 4 and T xn for both spatial distributions and time series.
For the entire areas of Guangzhou and Shenzhen between 1980 and 2016, similar spatial distributions were found for annual mean SAT calculated using different methods. However, the 37-year averaged SAT under EX1 and EX2 calculated using T xn was larger than that calculated using T 4 , for which the differences in annual mean SAT between T 4 and T xn over the entire and subregions of Guangzhou (between 0.41 and 0.53 • C) were larger than those over the entire and urban areas of Shenzhen (between 0.29 and 0.34 • C). The 37-year averaged warming calculated using T xn was smaller than that calculated using T 4 over Guangzhou, whereas the averaged warming calculated using T xn was not consistently smaller than that calculated using T 4 over Shenzhen. The differences in annual mean SAT calculated using T 4 and T xn are attributed to nonlinear or asymmetric variations with time for the diurnal cycle of SAT.
The trends of annual mean SAT under EX1 and EX2, and the urban-related warming calculated using T xn , were generally smaller than those calculated using T 4 over the entire areas and subregions of Guangzhou and Shenzhen. Differences in trends between T 4 and T xn are interpreted as a strong trend for T min and a weak one for T max , which is also shown by the negative differences for the trends of DTR between EX1 and EX2 and then mitigated the trend for T xn .
Due to the rapid urban surface expansion, differences in annual mean SAT and urban-related warming contributions between T 4 and T xn were small over the entire and urban areas of Shenzhen, and the N2U and urban areas of Guangzhou. However, the differences over the entire and U2U areas of Guangzhou were larger, especially for U2U areas during periods with intense urban surface expansion between 2000 and 2016. The larger differences in annual mean SAT, trends, and urban-related warming over U2U areas of Guangzhou are interpreted as urban-surface-expansion-induced varied changes in the diurnal cycle due to asymmetric warming during the daytime and nighttime over different subregions.
While differences in urban-related warming contributions might be small over Guangzhou and Shenzhen, annual mean SAT and trends calculated using different methods significantly varied, representing an effect that should be studied during future climate change investigations. Furthermore, errors between the observed values and simulated results due to systematic errors from both the model and driving data are sure to impact urban-related warming evaluations. Therefore, more investigations are warranted to address this shortcoming. 
